In the presented work, Ag/AgCl decorated silica nanoparticles were introduced over graphene oxide (GO) sheets to prepare GO/SiO 2 /Ag/AgCl nanocomposite powders for absorption and photocatalytic application. Nanocomposite powders were synthesised by sol-gel method and then characterised by various analytical techniques including X-ray diffraction (XRD), scanning electron microscopy and transmission electron microscopy. The amount of GO in nanocomposites was varied from 1 wt.% to 50 wt.% to investigate the role of graphene oxide on the absorption and photocatalytic properties of the nanocomposites. The photocatalytic activity of the GO/SiO 2 /Ag/AgCl nanocomposites was examined under UV light taking methylene blue (MB) as a model dye.
with varying GO weight percentages. The GO/SiO 2 /Ag/AgCl composites show remarkable adsorption of the model pollutant, methylene blue (MB), as well as photocatalytic activity in the UV range.
Materials and methods

Chemicals
Sulphuric acid (H 2 SO 4 , 95-97%), phosphorous pentoxide (P 2 O 5 , ≥98.0%), potassium persulfate (K 2 S 2 O 8 , ≥99.5%), potassium permanganate (KMnO 4 , ≥99.0%) and synthetic graphite powder (<20 µm) were used as such for the graphene oxide synthesis. These reagents were purchased from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS, ≥99.0%, Sigma-Aldrich), NH 4 OH (25%, JT Baker) and ethanol (96.1 vol%, Altia) were used in the silica synthesis. Polyvinylpyrrolidone (PVP, MW ≈ 10000, Sigma-Aldrich) and silver nitrate (AgNO 3 , ≥99.0%, Sigma-Aldrich) were used as reducing agent and silver source, respectively. HCl (37-38%, JT Baker) was used for the preparation of AgCl. All reagents were used as received. Ion-exchanged water was used in the experiments and will be referred to as water.
Preparation of materials
Preparation of graphite oxide
Graphite oxide was synthesised following modified Hummers' method described by Kovtyukhova [31] . The pre-oxidation was typically performed as following: synthetic graphite powder (6 g) was dispersed in an 80°C solution of concentrated H 2 SO 4 containing 5 g P 2 O 5 and 5 g K 2 S 2 O 8 . After 4 h, the mixture was carefully diluted with 1000 ml water, centrifuged and washed until the rinsed water was at pH 5. The resulting powder was dried under vacuum at 40°C. Subsequently, the pre-oxidised graphite was gradually mixed in 46 ml H 2 SO 4 . KMnO 4 was gradually added under constant stirring, while keeping the temperature of the mixture below 10°C. The mixture was then stirred at 35°C for 2 h and 92 ml water was added. The reaction was terminated by adding 70 ml water and 30 ml 30% hydrogen peroxide to the mixture. The mixture was centrifuged and washed with water until the pH reached 5. The graphite oxide was dried in vacuum at 50°C.
Preparation of SiO 2 particles
The preparation of the SiO 2 particles was performed by Stöber's method [47] . In a typical synthesis, 100 ml water was added to a solution containing 200 ml ethanol and 50 ml TEOS. Finally, 100 ml NH 4 OH was gradually added to start the reaction and then left to react for 2 h. The product was centrifuged and dried at 50°C. Finally, the silica powder was annealed at 500°C to remove possible organic residue.
Ag and AgCl decoration of SiO 2 particles
A SiO 2 dispersion consisting of 0.5 g SiO 2 , 2 ml NH 4 OH in 100 ml ethanol was first prepared in a typical synthesis. An aqueous solution of AgNO 3 (0.12 M, 10 ml) was added to the previous dispersion and left to react for 60 min under constant stirring. A PVP solution of 0.5 g PVP per ml water was diluted with 100 ml ethanol and added to the SiO 2 dispersion. Finally, 0.3 ml 0.6 M HCl was added and mixed for 3 h. The product was then centrifuged and washed with water.
Preparation of GO/SiO 2 /Ag/AgCl
To prepare GO/SiO 2 /Ag/AgCl, graphite oxide and SiO 2 /Ag/AgCl were weighed and mixed in 50 ml water. The dispersion was sonicated for 60 min and dried at 50°C. The samples were labelled according to the amount of GO added in wt.%, e.g., 50GO/SiO 2 /Ag/AgCl indicates an addition of 50 wt.% GO during the synthesis compared to SiO 2 /Ag/AgCl. The composites investigated in this work contain 1, 10, 25 and 50 nominal weight percentages of GO. The composite names are shortened to express only the GO amount in the GO/SiO 2 /Ag/AgCl; for example 50GO signifies 50 wt.% GO/SiO 2 /Ag/AgCl.
Characterisation
X-ray diffraction (XRD) was carried out on a PANalyticalX'pert Pro diffractometer using Cu κ α½ = 1.54060 Å and λ α½ = 1.54443 Å radiation in the range of 5-80° (2θ). Hitachi S-4700 field emission gun scanning electron microscope (FEG-SEM) was used to study particle sizes, structure and appearance of the powders. A Tecnai F20 G2 200 kV FEG S-win GIF transmission electron microscope (TEM) was used to analyse the composition of selected powders.
Photocatalytic investigations
The photocatalytic degradation of MB on the samples was carried out in an in-house built reactor. It was equipped with UV lamps emitting UV radiation in the range of 350-400 nm. The dispersions for the photocatalytic measurements were prepared by adding 0.01-0.05 g of catalyst into 100 ml of aqueous MB solution (10-40 ppm). The suspensions were stirred and left under dark conditions to obtain adsorption-desorption equilibrium prior to irradiation. The concentration of the solution after equilibrium was measured and taken as the initial concentration (C 0 ) to discount the adsorption in the dark. Samples were withdrawn from the suspension at given time intervals (C) and filtered by 0.45 µm Nylon syringe filters to remove the catalyst particles. The change of concentration (C/C 0 ) is proportional to the variation of the measured absorbance (A/A 0 ), where A 0 is the initial absorbance. The filtrates were analysed by recording variations at the wavelength of maximal absorption of MB (λ max = 664 nm) with a Hitachi U-5100 UV-vis spectrometer in the range of 400-800 nm. Adsorption of MB (Q e , mgg -1 ) onto the materials is calculated from the change in dye concentration in the adsorption process. The equation used for the calculations is expressed as follows:
where C 0 and C e (mgl -1 ) are the initial and equilibrium concentrations of MB and adsorbent mixture, respectively, V (l) is the total volume of the solution at equilibrium and m (g) represents the mass of the adsorbent.
Results and discussion
Characterisation of composites
XRD spectra of all GO/SiO 2 /Ag/AgCl composites are compared in Figure 1 . All composites show cubic AgCl diffraction peaks at 27.8°, 32.2°, 46.6°, 54.3° and 57.5°, corresponding to (111), (200), (220), (311) and (222) (220) and (311) reflections, respectively. The amorphous SiO 2 powder is displayed as the slope around 20°. The XRD spectrum of graphite oxide is observed in Figure 2 . The (002) peak is shifted to 10.3°, indicating a larger interlayer spacing of approximately 8.58 Å after oxidation [48] . The increase in interlayer spacing is due to intercalated water molecules trapped between the GO sheets [49] [50] [51] . The appearance of the GO (101) reflection at 42.7° in Figure 1 (a) indicate a higher presence of GO in the 50GO/SiO 2 /Ag/AgCl composite, as expected owing to the larger loading of GO in the composite. 
Adsorption of methylene blue
To investigate the adsorption of MB onto GO, different dosages of MB are examined, keeping the loading of GO constant at 20 mg. It is apparent that the removal percentage of MB is increased with decreasing concentration of MB ( Figure 5(a) ). As the loading of GO is kept constant, the active adsorption sites and surface area are controlled to find the adsorption capacity of GO. At higher MB concentrations, adsorption reaches saturation due to insufficient sites of adsorption on GO. Hence, it is an indication of reaching the adsorption-desorption equilibrium.
To further investigate the equilibrium adsorption of MB on GO, a Langmuir isotherm was plotted from the adsorption data. The Langmuir model is based on the presumption of monolayer adsorption on a homogeneous surface [52] . The Langmuir isothermal model is written as 
where C e is the MB concentration (mgl , for the linear form of the Langmuir isotherm is 0.9256, which may indicate homogeneous monolayer adsorption of MB onto GO through electrostatic interactions. These adsorption results are in reasonable compliance with previous findings [22, 23] .
The correlation with GO loading and amount of MB adsorbed on the GO/SiO 2 /Ag/AgCl composites is investigated in Figure 5(c) , showing the MB adsorption increasing with increased GO loading. The adsorption of MB on pure SiO 2 /Ag/AgCl was examined for comparison. The low adsorption of MB on SiO 2 /Ag/AgCl and the enhanced adsorption of MB at higher GO loadings, suggest that the main adsorption is performed by GO. The surface area ( Figure 5(d) ) of the composites increases with increasing GO content, providing greater number of adsorption sites. 
Photocatalytic activity
The photocatalytic degradation performance of GO/SiO 2 /Ag/AgCl and SiO 2 /Ag/AgCl was evaluated utilising MB dye as a model pollutant. The dispersions of MB and the proposed photocatalysts were kept in dark to reach adsorption-desorption equilibrium, prior to UV light irradiation. The degradation of MB was studied using UV-vis adsorption spectroscopy by monitoring the MB absorption peak at 664 nm. The decrease in absorption peak intensity can be seen in Figure 6 (a). Degradation of approximately 20% of MB dye was observed after 3.5 h of exposure to UV light irradiation of the 50 GO composite. The presence of charge carriers is essential for effective photocatalytic degradation, which GO could provide. Figure 6(b) shows the degradation of MB dyes on the GO/SiO 2 /Ag/AgCl and SiO 2 /Ag/AgCl composites. No photocatalytic decomposition of MB was observed without a catalyst. The 50 GO composite is the sole composite to display photocatalytic activity under UV light irradiation suggesting that GO contributes as a co-catalyst by transmission of photogenerated electrons [33, 37] . Although Ag/AgCl and GO/Ag/AgCl photocatalyst systems have been investigated, they are examined under visible light owing to the surface plasmon resonance (SPR) excitation of Ag particles in the visible light region. The UV light absorption can thus be attributed to AgCl and its wide band gap of 3.25 eV. However, if AgCl were the only active material under UV light irradiation the SiO 2 /Ag/AgCl composite should display the best activity owing to the highest concentration of AgCl, yet the 50GO sample displays the foremost degradation of MB, indicating participation of GO in the photodegradation reactions. Also the BET surface area in the 50GO composite is enhanced. The doubled surface area compared to the 25GO composite provides a larger number of active sites, which may facilitate the photocatalytic degradation of MB. Furthermore, the band gap of GO is dependent on the oxidation level of GO, generally ranging from 3.2 eV to 4.8 eV, for the direct band gap and from 2.3 eV to 3.6 eV for indirect band gap [53] . Irradiation of GO causes oxygen functionality removal from the GO surface, causing GO reduction, simultaneously reducing the band gap. It is suggested that the band gap of GO is found within the UV region of the UV lamp, i.e., 350-400 nm, corresponding to a range of 3.1-3.5 eV. The increase in photocatalytic activity with increased GO loading suggests that GO takes part in charge separation, thus prolonging the lifetime of the photogenerated holes and electrons. The increased content of SiO 2 in the 1GO, 10GO and 25GO composites may reduce the charge transfer capability in the composite, owing to the large band gap and poor conductivity of SiO 2 , thus decreasing the efficiency in photocatalytic reactions. In addition to GO, the photogenerated electrons may originate from AgCl, as the band gap is within the UV region. Although AgCl is not stable under UV light and may decompose to Ag + and Cl -, stable Ag@AgCl has been reported under UV light [54] . It is therefore proposed that AgCl could act as a charge separator. The UV light absorption may take place in GO/AgCl interfaces. Hole transfer to AgCl can oxidise Cl -to Cl 0 . Chlorine can partake in oxidising MB molecules, and reduce back to Cl -. Further investigations on the mechanism are currently conducted.
Conclusions
In summary, GO/SiO 2 /Ag/AgCl nanocomposite powders were synthesised and their photocatalytic properties were analysed by UV irradiation taking MB as a model pollutant. Chemical and structural characterisations based on XRD, SEM and TEM reveal the features of the GO/SiO 2 /Ag/AgCl nanocomposites. A significant adsorption of MB by GO could be observed from an aqueous solution owing to the large specific surface area of GO and electrostatic interactions. The photocatalytic degradation of MB improved with increased GO loading in GO/SiO 2 /Ag/AgCl nanocomposites.
